Across the animal kingdom, gastrulation represents a key developmental event during which embryonic pluripotent cells diversify into lineage-specific precursors that will generate the adult organism. Here we report the transcriptional profiles of 116,312 single cells from mouse embryos collected at nine sequential time points ranging from 6.5 to 8.5 days post-fertilization. We construct a molecular map of cellular differentiation from pluripotency towards all major embryonic lineages, and explore the complex events involved in the convergence of visceral and primitive streak-derived endoderm. Furthermore, we use single-cell profiling to show that Tal1 −/− chimeric embryos display defects in early mesoderm diversification, and we thus demonstrate how combining temporal and transcriptional information can illuminate gene function. Together, this comprehensive delineation of mammalian cell differentiation trajectories in vivo represents a baseline for understanding the effects of gene mutations during development, as well as a roadmap for the optimization of in vitro differentiation protocols for regenerative medicine.
1
. Despite the central importance of this period of mammalian development, we currently lack a comprehensive understanding of the underlying developmental trajectories and molecular processes involved, principally because previous research efforts have used in vitro systems 2 , focused on small numbers of genes, or limited the number of developmental stages or cell types that were studied 3, 4 .
A single-cell map of early embryogenesis
To investigate the dynamic process of cellular diversification during gastrulation and early organogenesis, we complemented a previous E8.25 dataset 5 by generating single-cell RNA sequencing (scRNA-seq) profiles from 411 whole mouse embryos that were collected at six-hour intervals between E6.5 and E8.5 (Fig. 1a, b; Extended Data Figs. 1, 2a) . Our dataset thus captures Theiler stages (TS) 9, TS10, TS11, and TS12, which are enriched in the pre-streak to early streak, mid-streak to latestreak, neural plate, and headfold to somitogenesis stages, respectively 6 . A total of 116,312 single-cell transcriptomes passed stringent quality control measures, with a median of 3,436 genes detected per cell (Methods; Extended Data Fig. 2b-d ; Supplementary Table 1) . We used clustering and cell annotation to identify 37 major cell populations (Methods; Fig. 1c ; Extended Data Fig. 2e ), and the presence of these cell types was associated with progression along the densely sampled time points (Extended Data Fig. 3a-d ). The frequency of pluripotent epiblast cells declined over time, and mesodermal and definitive endodermal lineages appeared as early as E6.75. From E7.5 onwards, ectodermal lineages emerged alongside a diversification of cell types from each germ layer at the onset of organogenesis (Fig. 1d) .
The transcriptional similarities that we found between clusters (Methods; Extended Data Fig. 3e , f) were in accordance with prior knowledge: epiblast was similar to neuroectoderm and primitive streak, and primitive streak was related to mesoderm and endoderm, consistent with the divergence of the three germ layers. Neural and mesodermal layers were connected during organogenesis (E8.25-E8.5) via a neuromesodermal progenitor population, which has been reported to give rise to both trunk mesoderm and neural tissues of the spinal cord 7, 8 (Extended Data Fig. 3e ). Our atlas can be explored via the interactive website: https://marionilab.cruk.cam.ac.uk/MouseGastrulation2018/.
Mapping endoderm development
Previous lineage-tracing studies 3, 9 have shown that extra-embryonic and intra-embryonic endodermal cells intercalate to form a single tissue, highlighting the plasticity of embryonic cells (Extended Data Fig. 4a ). Because we sampled extra-embryonic structures alongside the gastrulating embryo, our dataset provided an opportunity to investigate this convergence of primitive streak-derived definitive endoderm with visceral endoderm-derived cells at the molecular level.
To this end, we performed a focused analysis using only the visceral endoderm, anterior primitive streak, definitive endoderm, and gut cell types (Fig. 2a; 5, 015 cells) . The results were consistent with the gut endoderm arising from visceral as well as definitive endoderm (identified by expression of Ttr and Mixl1, respectively; Extended Data Fig. 4b, c) . Inspection of the time points of cell collection supported the transcriptional convergence of these two lineages during development (Fig. 2b) .
To define the transcriptional diversity within the maturing gut, we exclusively analysed cells collected at E8.25 and E8.5 and identified seven clusters that corresponded to different cell populations that line the gut tube (Fig. 2c) . These spanned the pharyngeal endoderm , by using a Ttr::Cre transgene coupled with a conditional yellow fluorescent protein (YFP) transgene in the ROSA26 locus to show that Ttr-YFP-traced cells were enriched in the most posterior section of E8.5 embryos (Extended Data Fig. 4k ).
Next, we inferred which cells belonged to the developmental trajectories from the visceral endoderm to hindgut 1, and from the definitive endoderm to hindgut 2 (Methods; Fig. 2h ; Extended Data Fig. 5a, b) ; ordered the cells using DPT 15 ; and clustered genes based on their expression dynamics along each trajectory (Methods; Supplementary Table 2; Extended Data Fig. 5c ). We divided each trajectory into two domains, the first corresponding to gene expression before completion of endoderm intercalation at E7.5, and the second to gene expression after this point 17 . In the visceral endodermhindgut 1 trajectory, we observed the upregulation of visceral endoderm genes within the first domain, followed by an abrupt decline as cells proceeded towards the gut fate (Extended Data Fig. 5d ). This suggests that we captured a subset of visceral endoderm cells that were undergoing visceral maturation before the onset of definitive endoderm intercalation.
Across both trajectories, a common set of genes was upregulated during intercalation (Extended Data Fig. 5c, e) . This set included genes involved in epithelial remodelling such as Pcna, Epcam, and Vim, which is consistent with the epithelial arrangement expected to happen at this stage 9 . Genes commonly upregulated during the subsequent gut maturation and morphogenesis phase (Extended Data Fig. 5c , f) were enriched for transcription factors (over 20% of overlapping genes), and 66% of these were homeodomain proteins that showed sequential activation profiles, indicative of a temporal collinearity during hindgut specification 18 . Analysis of dynamic gene expression also revealed transcription factors that were specifically induced early in the visceral endoderm-hindgut 1 trajectory, including Hes1, Pou5f1, and Sox4. These represent promising candidates for further study (Extended Data Fig. 5g ). 
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Origins of haemato-endothelial lineages
Red blood cells are formed in two consecutive waves in the yolk sac; the first arising at around E7.5 and the second from E8.25
19 . The first wave (primitive) generates nucleated erythrocytes, which disappear shortly after birth. The second wave (yolk-sac-definitive) starts with the emergence of erythro-myeloid progenitors (EMPs) from yolk-sac haemogenic endothelium. These later migrate to the fetal liver and generate definitive erythrocytes 19 (Extended Data  Fig. 6a ).
Although some key phenotypic and molecular distinctions between primitive and yolk-sac-definitive haematopoiesis are known, the respective in vivo progenitor cells are poorly understood owing to limiting cell numbers and lack of markers. To characterize these processes in more depth, we computationally isolated and re-clustered cells assigned to the erythroid, haemato-endothelial, blood progenitor, endothelial, and mixed mesoderm groups (15, 875 cells; Fig. 3a, b; Extended Data Fig. 6b ).
This analysis highlighted a putative trajectory towards the primitive erythroid lineage, passing through the sub-clusters haemato-endothelial progenitors 1 and 2 (Haem 1 and Haem 2), blood progenitors 1 and 2 (BP1 and BP2), and erythroid 1-4 (Ery 1-Ery 4) (Fig. 3a, b) . This trajectory did not include the endothelial region (sub-clusters EC1-EC8), which was enriched for cells collected at E8.25-E8.5, displayed a complex structure, and expressed high levels of Kdr, which encodes the protein FLK1 (hereafter, we term this the Kdr hi region (Fig. 3c) ). Notably, some of these endothelial cells expressed haematopoietic markers, such as Spi1 (also known as PU.1) and Itga2b (Fig. 3d) , potentially highlighting the emergence of blood from endothelium during the second wave 20 . The incorporation of temporal information (Fig. 3b) suggested that, unlike the second haematopoietic wave, the first wave does not transit through a molecular state with classical characteristics of mature endothelial cells, such as high expression of Cdh5 and Pecam1 (Extended Data Fig. 6c ).
Endothelial cells are generated independently in the yolk sac, allantois and embryo proper 21, 22 , and the allantoic endothelium is hypothesized to display a specific transcriptional signature 5 . To test whether the heterogeneity in the Kdr hi region was associated with different anatomical locations, we dissected out the yolk sac, allantois, and embryo proper from a new batch of E8.25 embryos, purified the endothelial cells by flow sorting the FLK1 + population, and performed scRNA-seq on 288 cells using Smart-seq2 23 (Extended Data Fig. 6d-f ). Assigning the cells from the Kdr hi region (sub-clusters EC1-EC8) to their most likely embryonic location suggested that diverse anatomical origin could partially explain the transcriptional heterogeneity observed in the endothelium (Fig. 3e) .
Previous in vitro colony-forming assays of early embryonic cells suggested that, in addition to erythrocytes, the primitive wave also gives rise to macrophage and megakaryocytic progenitors [24] [25] [26] . However, the molecular nature of these progenitors remains obscure. In our atlas, we identified two rare cell groups (present at a frequency of around 0.1%) that we annotated as megakaryocytes and myeloid cells (Fig 3f;  Extended Data Fig. 6g ). This provided us with an opportunity to characterize their molecular profiles based on primary in vivo cells.
Previous reports suggest that early myeloid progenitors can give rise to brain microglia 27 . Consistent with this, cells in our myeloid cell population expressed Ptprc (encoding CD45), Kit, Csf1r, and Fcgr3 (encoding CD16),which were previously reported to be markers of the E8.5 EMP-like population that gives rise to microglial macrophages 20, 28 ( Fig. 3g) . However, we did not detect the more mature microglialrelated genes such as Cx3cr1, Adgre1 (encoding F4/80), and only saw low levels of Tmem119 29, 30 . To investigate the location and frequency of these cells in the embryo, we dissected different regions of E8.5 embryos Article reSeArcH (Extended Data Fig. 6h ) and performed flow cytometry analysis using the markers CD16/32, and CSF1R. Rare CD16/32 + CSF1R + cells were found in all dissected regions (Extended Data Fig. 6i ), indicating that by E8.5 this population has already started to migrate out of the yolk sac.
A platform to dissect genetic mutations
Previous work has emphasized the critical role of the basic helixloop-helix (bHLH) transcription factor TAL1 (also known as SCL) in haematopoiesis; in these experiments, Tal1 −/− mouse embryos died of severe anaemia at around E9.5
31
. Dissecting the temporal and mechanistic roles of such major regulatory genes in vivo is challenging using knockout mice-breeding mice and genotyping embryos is timeconsuming, and furthermore, the direct effects of a mutation are often masked by gross developmental malformations or embryo lethality. To circumvent these difficulties, we generated chimeric mouse embryos in which Tal1 −/− tdTomato + mouse embryonic stem (ES) cells were injected into wild-type blastocysts. In the resulting chimaeras, wild-type cells still produce blood cells, and this allows the specific effects of TAL1 depletion to be studied in an otherwise healthy embryo 32 . To determine whether Tal1 mutant cells were associated with abnormalities in specific lineages, we sorted tdTomato − (wild type) and tdTomato
) cells from chimeric embryos at E8.5, and then performed scRNA-seq ( Fig. 4a ; Extended Data Fig. 7a, b) . Each cell was annotated by computationally mapping its transcriptome onto our wild-type atlas (Methods; Fig. 4b ; Extended Data Fig. 7c-e) . Consistent with the pivotal role of Tal1 in haematopoiesis, tdTomato + cells did not contribute to blood lineages ( Fig. 4b ; Extended Data Fig. 7e-g ). Notably, we confirmed that wild-type control tdTomato + Tal1 +/+ ES cells, when injected into wild-type embryos, make a similar contribution to haematopoiesis as the tdTomato − host cells (Extended Data  Fig. 7h, i) .
Comparisons between wild-type and Tal1 −/− chimeric cells mapped to the landscape defined in Fig. 3a illustrated that TAL1 depletion 
EMP Micr. e, Fraction of endothelial cells that mapped to yolk sac, allantois, and embryo proper. f, Heat map illustrating row-normalized expression of genes that were significantly upregulated in cells of the EC7 (n = 197), Haem4 (n = 102), My (n = 56), BP4 (n = 54), and Mk (n = 32) subclusters when performing pairwise differential expression analyses between a specific sub-cluster and the rest of the cells in a. Significance was considered if log 2 (mean expression of specific cluster/mean expression of the rest of cells) > 2.5 and Benjamini-Hochberg-adjusted P < 0.05. g, Heat map illustrating the log-count expression (log 2 (normalized count + 1), ranging from 0 (blue) to 3.5 (red)) of previously described microglial (Micr.) and erythro-myeloid progenitor (EMP) markers.
Article reSeArcH disrupts the emergence of primitive erythroid cells as well as our newly characterized megakaryocyte and myeloid cells (Fig. 4c) . Although a subset of Tal1 −/− cells were mapped to the haemogenic endothelial groups EC6 and EC7, they were defective in the expression of genes associated with blood development, such as Itga2b or the known TAL1 target gene Cbfa2t3 (also known as Eto2), in contrast with the host wild-type cells. These findings suggest that the second haematopoietic wave is also disrupted after TAL1 depletion (Fig. 4d) .
To characterize this developmental block in the second haematopoietic wave further, we quantified the relative contributions of Tal1 −/− and wild-type chimeric cells to each endothelial (EC1-EC8) and each haemato-endothelial (Haem 1 and Haem 2) cluster described in Fig. 3 ( Fig. 4e ; Supplementary Table 3) . Of note, E8.5 Tal1 −/− cells were more abundant than wild-type cells in EC3, one of the earliest-appearing endothelial sub-clusters (Fig. 3b) . While mutant cells might simply accumulate in this state, Tal1
−/− cells mapped to EC3 may alternatively acquire a transcriptional state that is similar but not identical to EC3. To clarify this, we performed differential expression analyses that compared EC3-mapped Tal1 −/− cells firstly to their most similar cells in the reference atlas, and secondly to the wild-type host chimeric cells that were mapped to EC3. We observed a small number of genes that were specifically upregulated in EC3-mapped Tal1 −/− cells, including Pcolce, Tdo2, and Plagl1 ( Fig. 4f ; Extended Data Fig. 8a ). When we examined the expression of these genes in our atlas, we observed high expression in the mesenchyme and other mesoderm clusters, such as the allantois, paraxial, pharyngeal, and intermediate mesoderm (Extended Data Fig. 8b ). Furthermore, we noted that a subset of the EC3-mapped Tal1 −/− cells also upregulated expression of cardiac-related genes such as Nkx2-5, Mef2c, and Tnnt2 ( Fig. 4f ), consistent with a previous report that Tal1
−/− yolk-sac cells can adopt a cardiomyocyte-like phenotype 33 . However, these cells did not display a full cardiomyocyte transcriptional program and continued to express endothelial genes such as Esam and Sox17, albeit with some downregulation compared with their wild-type EC3 atlas counterparts. These results suggest that Tal1 disruption blocks cells at a transcriptional state similar to that of the EC3 sub-cluster during the second wave of blood development. Moreover, when unable to proceed towards a haemogenic phenotype, EC3-mapped Tal1 −/− cells begin to activate other mesodermal programs. This is in accordance with prior evidence showing that haematopoietic precursors isolated from E7.5 mouse embryos are endowed with mesodermal plasticity when cultured ex vivo 34 .
Discussion
Our comprehensive atlas of mouse gastrulation and early organogenesis offers a powerful resource for investigating the molecular underpinnings of cell-fate decisions during this key period of mammalian development. We exploited this resource by investigating two specific developmental phenomena: the transdifferentiation process of visceral endoderm cells that contribute to the composition of the embryonic gut; and the emergence of rare blood cells in the early embryo. Moreover, we used our atlas as a reference for the analysis of Tal1 −/− mutant chimeric embryos, and highlighted where TAL1 is critical for progression into the blood lineage. We also identified a transcriptional state unique to Tal1 −/− cells, within which genes from multiple different mesodermal tissues are expressed alongside endothelial genes.
More broadly, our chimaera analysis illustrates the utility and efficiency of such a model for studying the molecular and cellular consequences of a wide range of developmental mutants, including those that are embryonically lethal and relevant for human developmental disorders. Our work in the mouse, a widely used and experimentally relevant mammalian system, complements recent single-cell expression profiling surveys in early zebrafish and Xenopus embryos [35] [36] [37] . Collectively, these studies demonstrate that densely sampled large-scale single-cell profiling has the potential to advance our understanding of embryonic development in vertebrates.
Online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/s41586-019-0933-9. WT Tal1 −/− (n = 28), EC7 wild type (n = 117), and EC7 Tal1 −/− (n = 7) cells. e, Change in abundance of Tal1 −/− cells with respect to wild-type chimaera cells in each of the sub-clusters (log 2 (mapped Tal1 −/− cell fraction/mapped wild-type cell fraction)). f, Heat map illustrating the row-normalized expression of genes that were upregulated in EC3-mapped Tal1 −/− cells. From left to right, columns represent a sample of atlas cardiomyocytes (CM) (n = 200), Tal1 −/− EC3 (n = 328), wild type EC3 (n = 23), and atlas EC3 (n = 107) cells. Illustrative genes were manually selected from the full heat map, which is shown in Extended Data Fig. 8a . 
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MEthodS
Data reporting. The investigators were not blinded to allocation during experiments and outcome assessment. Embryo collection and sequencing. All procedures were performed in strict accordance with the UK Home Office regulations for animal research. Chimeric mouse embryos were generated under the project licence number PPL 70/8406. Reference atlas. Pregnant C57BL/6 female mice (mated at 7 weeks of age) were purchased from Charles River and delivered one day before or on the day of embryo harvest. Mouse embryos were dissected at time points E6.5, E6.75, E7.0, E7.25, E7.5, E7.75, E8.0, E8.25, and E8.5. As previously reported 6 , development can proceed at different speeds between embryos, even within the same litter ( Fig. 1a; Extended Data Fig. 1) . Consequently, we adopted careful staging by morphology (Downs and Davies staging 6 ) to exclude clear outliers. Following euthanasia of the females using cervical dislocation, the uteri were collected into PBS with 2% heat-inactivated FCS and the embryos were immediately dissected and processed for scRNA-seq. Two samples contained pooled embryos staged across several time points. Cells from these samples are denoted as 'mixed' in the figures, and 'mixed_gastrulation' in Supplementary Table 4 . Embryos from the same stage were pooled to make individual 10x samples, and single-cell suspensions were prepared by incubating the embryos with TrypLE Express dissociation reagent (Life Technologies) at 37 °C for 7 min and quenching with heat-inactivated serum. The resulting single-cell suspension was washed and resuspended in PBS with 0.4% BSA, and filtered through a Flowmi Tip Strainer with 40-µm porosity (ThermoFisher Scientific, 136800040). Cell counts were then assessed with a haemocytometer. scRNA-seq libraries were subsequently generated using the 10x Genomics Chromium system (v.1 Chemistry) and samples were sequenced according to the manufacturer's instructions on an Illumina HiSeq 2500 platform. Detailed information on embryo collection is provided in Supplementary Table 1, and the metadata for each sequenced cell are provided in Supplementary Table 4 . Sample sizes were chosen to maximize the number of recovered cells from each experiment and to obtain total cell numbers similar to the estimated cell numbers in mouse embryos at their respective stages. The sample sizes were also dependent on the number of viable embryos from each litter. When required, cells were partitioned into multiple samples to prevent overloading of a single 10x lane. Yolk sac, allantois and embryo proper endothelial-cell dissection experiment. Mice were bred and maintained at the University of Cambridge, in individually ventilated cages with sterile bedding; sterile food and water were provided ad libitum. All animals were kept in pathogen-free conditions. Timed matings were set up between C57BL/6 mice, purchased from Charles River. Upon dissection, only embryos staged as TS12 were further processed. Allantois, yolk sac, and embryo proper were dissected and placed into separate tubes. Single-cell suspensions were prepared by incubating the embryos with TrypLE Express dissociation reagent (Life Technologies) at 37 °C for 7 min and quenching with heat-inactivated serum. Single cells were subsequently stained with FLK1-PE antibody (1:100; Biolegend, 12-5821-83, clone Avas12a1, E01819-1631) and 4′,6-diamidino-2-phenylindole (DAPI) as viability stain (1 µg/ml; Sigma). Live FLK1 + cells were isolated by fluorescence-activated cell sorting (FACS) using a BD Influx sorter into individual wells of a 96-well plate containing lysis buffer (0.2% (v/v) Triton X-100 and 2 U/µl SUPERase-In (Invitrogen, AM2696)) and stored at −80 °C (1 plate per tissue was prepared). Plates were processed following the Smart-seq2 protocol as previously described 23 and libraries were generated using the Illumina Nextera XT DNA preparation kit. Libraries were pooled and sequenced on an Illumina HiSeq 4000. Sample sizes were chosen based on the number of viable endothelial cells recovered from the experiment. We also aimed to have an equal (or very similar) number of endothelial cells from each of the dissected regions, and a number that was large enough (that is, at least 70 per sample) to infer correlations with the atlas dataset. Flow cytometry analysis of myeloid progenitors. Mice and embryos were obtained as described above. Yolk sac, allantois, amnion, head, heart, and trunk were dissected and placed into separate tubes. Single-cell suspensions were prepared as above and single cells were subsequently stained with CD16/32-BV711 (1:200; Biolegend, 101337, clone 93, B251800) for 20 min at 4 °C, washed with 2 ml PBS + 2% FCS, blocked with Fc block CD16/32 (1:100; eBioscience, 14-0161-85, clone 93, E03558-1640), and stained with CSF1R-BV605 (1:800; Biolegend; 135517, clone AFS98, B196541) for 30 min at 4 °C. Cells were then washed and 7-aminoactinomycin D (7-AAD) (1:200; BD Pharmigen; 51-68981E, 7061885) was added as a viability stain. Cells were analysed using a BD Fortessa cytometer. Gates were established using 'fluorescence minus one' controls. Two biological replicates were performed: one pool of 12 and one pool of 13 embryos. Ttr-YFP embryo staining. Ttr::cre stud male mice 9 were crossed with R26R-YFP females 39 . Dissected E8.5 embryos were fixed for 1 h at room temperature with 4% paraformaldehyde (PFA) in PBS. The embryos were then washed 3 times in PBS with 0.1% Triton X-100 (PBT-0.1%) for 15 min, permeabilized in PBT-0.25% for 40 min, and washed again three times in PBT-0.1%. The embryos were transferred to blocking solution (5% donkey serum (Sigma, D9663), 1% BSA (Sigma, A7906) in PBT-0.1%) overnight at 4 °C. Primary antibody (chicken anti-GFP; 1:100; Abcam, ab13970, GR3190550-2) was then added to the blocking solution, and the samples were incubated in the solution overnight at 4 °C. The embryos were washed 3 times in PBT-0.1% and incubated overnight at 4 °C in PBT-0.1% with the secondary antibody (goat anti-chicken 488; Sigma; 1:100; A11039; 1899514) and phalloidin 555 (1:100; Sigma; #19083), then subsequently washed three times in PBT-0.1% for 15 min and mounted in Vectashield mounting media with DAPI for at least 24 h at 4 °C. Images were captured using a Zeiss 880 confocal microscope. Chimaera generation and sequencing. TdTomato-expressing mouse ES cells were derived as previously described 40 from E3.5 blastocysts obtained by crossing a ROSA26-tdTomato male (Jax Labs; 007905) with a wild-type C57BL/6 female. The cells were negative for mycoplasma contamination. The cells were expanded under 2i + LIF conditions 41 and transiently transfected with a Cre-IRES-GFP plasmid 42 using Lipofectamine 3000 Transfection Reagent (ThermoFisher Scientific, L3000008) according to the manufacturer's instructions. Single GFP + cells were sorted 48 h after transfection into 96-well plates. Individual clones were allowed to grow and were manually picked for expansion. A tdTomato-positive, male, karyotypically normal line, competent for chimaera generation as assessed using morula aggregation assay, was selected for targeting Tal1. Two guides targeting exon 4 were designed using the http://crispr.mit.edu tool (guide 1: GAACCCACTATGGAAAGAGA; guide 2: GAGGCCCTCCCCATATGAGA) and were cloned into the pX458 plasmid (Addgene, 48138) as previously described 43 
.
The resulting plasmids were then used to transfect the cells as detailed above. Single transfected clones were expanded and assessed for Cas9-induced mutations. Genomic DNA was isolated by incubating cell pellets in 0.1 mg/ml of proteinase K (Sigma, 03115828001) in TE buffer at 50 °C for 2 h, followed by 5 min at 99 °C. The sequence flanking the guide-targeted sites was amplified from the genomic DNA by polymerase chain reaction (PCR) in a Biometra T3000 Thermocycler (30 s at 98 °C; 30 cycles of 10 s at 98 °C, 20 s at 58 °C, 20 s at 72 °C; and elongation for 7 min at 72 °C) using the Phusion High-Fidelity DNA Polymerase (NEB, M0530S) according to the manufacturer's instructions. Primers including Nextera overhangs were used (F-GTCTCGTGGGCTCGGAGATGTGTATAA GAGACAGTTGCCCCTCCCATTTATGTA; R-TCGTCGGCAGCGTCAGA TGTGTATAAGAGACAGGAGTTCCAAGCCAGCATTTT), allowing library preparation with the Nextera XT Kit (Illumina, 15052163), and sequencing was performed using the Illumina MiSeq system according to the manufacturer's instructions. An ES cell clone showing a 77 base-pair deletion in exon 4 that inactivated Tal1 gene expression was then injected into C57BL/6 E3.5 blastocysts. Chimeric embryos were subsequently transferred into recipient females at 0.5 days of pseudopregnancy following mating with vasectomized males, as described previously 44 . Chimeric embryos were collected at E8.5 (7 embryos), dissected, and single-cell suspensions were generated from pooled embryos as described above. Given the low detection rate of the tdTomato transcript (Extended Data Fig. 7b ), single-cell suspensions were sorted into tdTomato + and tdTomato − samples using a BD Influx sorter with DAPI at 1 µg/ml (Sigma) as a viability stain for subsequent 10x scRNA-seq library preparation (v.2 Chemistry) and sequencing on an Illumina HiSeq 4000 platform. A total of 27,817 tdTomato − and 28,305 tdTomato + cells passed our quality control measures (before doublet and stripped nuclei removal, see below). Supplementary Table 5 contains metadata for each sequenced cell. Flow cytometry of chimeric embryos was performed in parallel using a BD Fortessa cytometer. Cells were stained with the conjugated antibodies CD45-APC-Cy7 (1:200; BD Pharmingen, 557659, clone 30-F11, 6126662), CD41-BV421 (1:200; Biolegend, 133911, clone MWReg30, B216311), Ter119-PerCP-Cy5 (1:200; Biolegend, 116227, clone TER-119, B169767), and CD71-FITC (1:400; BD Pharmingen, 553266, clone C2, 2307673), with Fc block CD16/32 (1:100; eBioscience, 14-0161-85, clone 93, 4316103), and DAPI at 1 µg/ml (Sigma) as a viability stain. For the wild-type into wild-type experiment, a parental tdTomato
+
Tal1
+/+ line was injected into C57BL/6 E3.5 blastocysts and processed as for the Tal1 −/− samples. Three pooled embryos were used for scRNA-seq, and 1,077 tdTomato − and 2,454 tdTomato + cells passed quality control (Supplementary Table 6 ). Chimaera sample sizes were dependent on the number of viable embryos that did not show excessive global biases towards host or injected cells (that is, very low or high fluorescence). Two E9.5 embryos were individually analysed by flow cytometry as described above. 10x Genomics data pre-processing. Raw files were processed with Cell Ranger 2.1.1 using default mapping arguments. Reads were mapped to the mm10 genome and counted with GRCm38.92 annotation, including tdTomato sequence for chimaera cells. HTML reports that provide code, greater detail, and diagnostic plots for the following steps are available at https://github.com/MarioniLab/ EmbryoTimecourse2018. Singularity containers are also available, providing direct access to the same software versions that were used in this analysis. Swapped molecule removal. Molecule counts that were derived from barcode swapping were removed from all 10x samples by applying the DropletUtils function 'swappedDrops' (default parameters) to groups of samples (where a sample is a single lane of a 10x Chromium chip) that were multiplexed for sequencing. Cell calling. Cell barcodes that were associated with real cell transcriptomes were identified using emptyDrops 45 , which assesses whether the RNA content associated with a cell barcode is significantly distinct from the ambient background RNA present within each sample. A minimum unique molecular identifier (UMI) threshold was set at 5,000, and cells with P < 0.01 (Benjamini-Hochberg-corrected) were considered for further analysis. The ambient RNA profile was determined from barcodes associated with fewer than 100 UMIs for the atlas and fewer than 60 UMIs for the chimaeras. We reproduced our analysis pipeline with a lower UMI threshold of 1,000 and found that no new cell types were present, justifying our rigorous threshold (Extended Data Fig. 2c) . Quality control. Cell libraries with low complexity (fewer than 1,000 expressed genes) were excluded. Cells with mitochondrial gene-expression fractions greater than 2.37%, 2.18%, and 3.35% for each of the wild-type atlas, Tal1 −/− chimaeras, and wild-type chimaeras, respectively, were excluded. The thresholds were determined by considering a median-centred median absolute deviation (MAD)-variance normal distribution; cells with mitochondrial read fraction outside of the upper end of this distribution were excluded (where outside corresponds to P < 0.05; Benjamini-Hochberg-corrected). Normalization. Transcriptome size factors were calculated for each dataset separately (atlas, Tal1 −/− chimaeras, wild-type chimaeras), using 'computeSumFactors' from the scran R package 46 . Cells were pre-clustered with the 'quickCluster' function using the parameter 'method=igraph' (using the scran R package), and minimum and maximum cluster sizes of 100 and 3,000 cells, respectively. Raw counts for each cell were divided by their size factors, and the resulting normalized counts were used for further processing. Selection of highly variable genes. Highly variable genes (HVGs) were calculated using 'trendVar' and 'decomposeVar' from the scran R package, with loess span of 0.05. Genes that had significantly higher variance than the fitted trend (BenjaminiHochberg-corrected P < 0.05) were retained. Genes with mean log 2 normalized count <10 −3
; genes on the Y chromosome; the gene Xist; and the reads mapping to the tdTomato construct (where applicable) were excluded. Batch correction. Batch effects were removed using the 'fastMNN' function in the scran R package on 50 principal components computed from the HVGs only. Correction was performed first between the samples of each time point, merging sequentially from the samples containing the most cells to the samples containing the least. Time points were then merged from oldest to youngest, and the mixed time point was merged between E7.25 and E7.0 (Extended Data Fig. 2d ). This method was carried out on the whole atlas dataset, and recalculated separately on the subsets of cells considered in Figs. 2, 3 for their respective analyses. Euclidean distances calculated from this batch-corrected principal component analysis were used for all further analysis steps (for example, nearest-neighbour graphs). Doublet removal. First, a doublet score was computed for each cell by applying the 'doubletCells' function (scran R package) to each 10x sample separately. This function returns the density of simulated doublets around each cell, normalized by the density of observed cell libraries. High scores indicate high doublet probability. We next identified clusters of cells in each sample by computing the first 50 principal components across all genes, building a shared nearest-neighbour graph (10 nearest neighbours; 'buildSNNGraph' function; scran R package), and applying the Louvain clustering algorithm ('cluster_louvain' function; igraph R package; default parameters) to it. Only HVGs (calculated separately for each sample) were used for the clustering. This procedure was repeated in each identified cluster to break the data into smaller clusters, ensuring that small regions of high doublet density were not clustered with large numbers of singlets. For each cluster, the median doublet score was considered as a summary of the scores of its cells, as clusters with a high median score were likely to contain mostly doublets. Doublet calls were made in each sample by considering a null distribution for the scores using a median-centred MAD-variance normal distribution, separately for each sample. The MAD estimate was calculated only on values above the median to avoid the effects of zero-truncation, as doublet scores cannot be less than zero. All cells in clusters with a median score at the extreme upper end of this distribution (Benjamini-Hochberg-corrected P < 0.1) were labelled as doublets. A final clustering step was performed across all samples together to identify cells that shared transcriptional profiles with called doublets, but escaped identification in their own samples. Clusters were defined using the same procedure as was applied to each sample, with the exceptions that sub-clustering was not performed, and batch-corrected principal components were used (see 'Batch correction' , above). To identify clusters that contained more doublets than expected, we considered for each cluster the fraction of cell libraries that were called as doublets in their own samples. We modelled a null distribution for this fraction using a median-centred, MAD-estimated variance normal distribution as described for the median doublet score in each sample, above, and called doublets from the distribution as in each sample, above.
Stripped nucleus removal.
Five of the clusters found in the across-sample clustering step above (see 'Doublet removal') contained cells with considerably lower mitochondrial gene expression and smaller total UMI counts compared with other clusters. We assumed that these clusters consisted of nuclei that had been stripped of their cytoplasm in the 10x droplets, and therefore excluded them from downstream analyses. Density estimation. The density of cells in gene-expression space was calculated using a tricube kernel on the top 50 batch-corrected principal components. The median distance of all cells to their fiftieth nearest neighbour was used to define the maximum distance for the kernel. Smart-seq2 data pre-processing. Mapping. Reads were mapped to the mm10 genome using GSNAP 47 (v.2015-09-29) with default arguments except for 'batch' = 5. HTSeq 48 was subsequently used to count the number of reads mapped to each gene, using GRCm38.92 for annotation. Quality control. Three criteria were used to identify and discard poor-quality cells: (1) Number of mapped reads to nuclear genes <50,000; (2) number of genes detected <4,000; and (3) proportion of reads mapping to mitochondrial genes >10%. Cell libraries for which any of these criteria were met were discarded. Of the 288 cell libraries prepared, 250 passed our quality control. Normalization. Cells were size-factor normalized as above (scran R package). Visualization. UMAPs were calculated using Scanpy (v.1.2.2 49 ; 'scanpy.api. tl.umap'). The 20 nearest neighbours in the batch-corrected principal component analysis were considered, with default parameters except for 'min.dist' = 0.7.
Force-directed graphs considered the 10 nearest neighbours of each cell in a 15-dimension diffusion space calculated on the first 50 principal components of the HVG-subset data (using the Scanpy v.1.2.2 function 'tl.diffmap ' and Scanpy v.0.4.4 49 function 'utils.comp_distance'). Edges were unweighted, and the layouts were generated in Gephi (v.0.9.2) 50 using the ForceAtlas2 algorithm 51 . Endoderm diffusion maps were calculated from batch-corrected principal component coordinates, using the destiny R package with function 'DiffusionMap' (default settings).
Graph abstraction 52 was computed using the 'tl.aga' function from the Scanpy v.1.2.2 module in Python, and edges were drawn using the adjacency confidence matrix. For Extended Data Fig. 3e-f , graph abstraction was computed on the clusters annotated in Fig. 1c , and the threshold for connection of clusters was set to 0.23. For Fig. 3b , the clusters in Fig. 3a were used, and the threshold was set to 0.2, and for Extended Data Fig. 5a , thresholds of 0.95 (top panels) and 0.45 (bottom panels) were used. The generation of the clusters for the plots in Extended Data Fig. 5a is described below ('Endoderm analysis'). Clustering and cell annotation. A shared nearest-neighbour graph (considering the 10 neighbours of each cell) was constructed using the 50 batch-corrected principal components of the HVG-subset expression data and Euclidean distance ('buildSNNGraph' , scran R package). Clusters were called from this graph using the Louvain algorithm ('cluster_louvain' with default parameters; igraph R package). To identify finer substructure from these top-level clusters, each cluster underwent a second round of clustering using the same method as above with the same batch-corrected principal component coordinates (that is, by subsetting from the batch-corrected coordinates). To assess the connectivity across all sub-clusters in the dataset, graph abstraction was then implemented on the first 15 diffusion components computed on the batch-corrected principal component analysis space (50 principal components). Within each top-level cluster, we considered distances between the sub-clusters based on their graph abstraction connectivity. Specifically, for a connectivity confidence score between clusters of x, we considered a distance of 1 − x. Ward-linkage hierarchical clustering was performed to evaluate sub-cluster relatedness ('scipy.cluster.hierarchy' module; Python 3.4). Sub-clusters with distances of less than 1.6 were merged. The merged sub-clusters were then annotated by examination of marker gene expression. Sub-clusters without a unique identity according to marker gene expression were manually merged with their closest sub-cluster to form final cell-type annotations. Unannotated sub-clusters (that is, before merging) are available in Supplementary Table 4 . Stability of the atlas under downsampling. To test the stability of the atlas with regard to the size of the dataset, we sampled with replacement cell-type labels from the atlas dataset. We performed 50 samplings for each of the sizes of sample (1,000-116,312 cells) and calculated for each cell type the ratio of the standard deviation of cell-type label frequency to mean cell-type frequency. The ratios are shown in Extended Data Fig. 3d . Note that when the atlas was downsampled to less than half of its full size (50,000 cells), the standard deviation of cell-type frequency remained less than 10% of the mean for all cell types. Endoderm analysis: cell selection and annotation of the gut. Cell types annotated as anterior primitive streak, definitive endoderm, visceral endoderm, and gut were selected for further analysis. A batch correction was computed for this cell set, using the same method as described above.
Cells with the gut cell-type label from the collection time points E8.25 and E8.5 were selected. We constructed a shared nearest-neighbour graph on their Article reSeArcH batch-corrected principal component coordinates (that is, by subsetting from the coordinates from the endoderm-specific correction; 'buildSNNGraph' function; scran R package; 10 nearest neighbours), and clustered cells using the Louvain algorithm ('cluster_louvain' function; igraph R package; default parameters). Endoderm analysis: gut tube pseudospatial ordering. E8.5 cells from the gut clusters (Fig. 2c) were selected and a diffusion map was constructed from their batch-corrected principal component coordinates. DPT was calculated for each cell starting from the pharyngeal endoderm cell with minimum value on diffusion component 2.
Differential expression analyses were performed using the 'findMarkers' function in the scran R package, using the 10x sample as a blocking factor. Significantly differentially expressed genes were considered as those with Benjamini-Hochberg-corrected P < 0.1. Hindgut differentially expressed genes were tested against an absolute fold change of 0.5. Endoderm analysis: transport maps. This approach considers each cell as a unit of mass that can be 'transported' to other cells at consecutive time points 16 . By seeking to move these masses efficiently between time points (that is, minimizing the transcriptional differences between cells across which mass is moved) a mapping of expected descendant and ancestor cells can be identified. Importantly, this method allows the integration of both transcriptional and collection time-point information. Transport maps were constructed using the wot package in Python (v.0.2.1) using default settings except for skipping the dimension-reduction step, and instead using the batch-corrected principal components as input. In total, 100 randomly selected cells from each collection time point of ExE endoderm were added to the cells projected in Fig. 2c (Extended Data Fig. 4h ). Cells from the mixed time points were excluded from the analysis. Endoderm analysis: selecting cells for trajectories with the transport maps. For pushing mass forward through the graph (that is, identifying from which progenitor cells the gut clusters derived), we considered two starting populationsdefinitive endoderm (E7.0 cells labelled as anterior primitive streak or definitive endoderm) and visceral endoderm (E7.0 cells labelled as visceral endoderm). This stage was selected because each of the two populations still retained a very distinct transcriptional profile, and contained a large number of cells (>400 for each category). For pulling mass backward through the graph (that is, selecting cells for the definitive endoderm-hindgut 2 and visceral endoderm-hindgut 1 trajectories), we considered E8.5 cells from each of the gut clusters as terminal populations. For the cells in the visceral endoderm-hindgut 1 trajectory, we included all cells in which the largest mass contribution was to the hindgut 1 cluster. For cells in the definitive endoderm-hindgut 2 trajectory, we selected cells whose hindgut 2 mass contribution was greater than 90% of their largest mass contribution to any cluster. This approach allowed us to select cells that were committed to hindgut 2 (that is, with greatest mass towards hindgut 2), and also common progenitor cells, which show relatively balanced mass contributions to several terminal clusters. Cells with balanced mass contributions across clusters were not observed for the visceral endoderm-hindgut 1 trajectory, consistent with the hindward bias of the intercalated visceral endoderm cells. Endoderm analysis: selecting cells for trajectories with graph abstraction. A shared 10-nearest-neighbour graph was constructed on the endoderm cell subset using the first 50 batch-corrected principal components of the HVG-subset expression data and Euclidean distance ('buildSNNGraph'; scran R package). Clusters were called from this graph using the Louvain algorithm ('cluster_louvain' with default parameters; igraph R package), and clusters that presented more substructure in the force-directed layout were further sub-clustered using the same pipeline. Cells were selected based on a manually curated parsimonious trajectory connecting hindgut 1 or 2 to the appropriate progenitor populations (Extended Data Fig. 5a, b) . Endoderm analysis: hindgut trajectories. Genes were clustered as in previous work 5 , with some modifications. First, cells were ordered using DPT, which was calculated from a diffusion map built from the endoderm-specific batch-corrected principal component coordinates of the relevant subset of cells. DPT was calculated from a cell with the most extreme value on diffusion component 1, and direction along diffusion component 1 was selected to start from the youngest populations of cells. HVGs were calculated for each cell subset and only these genes were retained for subsequent clustering. For each retained gene, we fitted two ordinary least squares linear models (constant and degree-2 polynomial functions) that regressed the log 2 normalized expression levels for each cell against the values of DPT calculated above. Genes for which the degree-2 polynomial fit the data better were retained (F test, Benjamini-Hochberg-corrected P < 0.05, R function 'anova.lm'). For each of these genes, we fitted a local regression to the expression level for each cell at their value of DPT (R function 'loess' , span = 0.75). We then identified the predicted value of the loess fit for 1,000 uniformly spaced points across the DPT to provide smoothed gene expression estimates and avoid biasing clustering to regions of DPT with high cell density. The loess fits were scaled to a range of (0,1) to prevent clustering by expression level. The Pearson correlation distance between each gene was calculated as ([1 − x] /2) 0.5 , where x is the Pearson correlation, and hierarchical clustering was performed using the unweighted pair group method with arithmetic mean (UPGMA). The tree was cut with 'dynamicTreeCut' (R; minimum cluster size of 50 genes, otherwise default parameters). Blood development analysis: cell clustering and differential expression. A 10-nearest-neighbour graph was constructed on the haemato-endothelial cell subset using the first 50 batch-corrected principal components of the HVG-subset expression data and Euclidean distance ('buildKNNGraph'; scran R package). Clusters were called from this graph using the Louvain algorithm ('cluster_louvain' with default parameters; igraph R package). Two clusters that presented higher substructure in the force-directed layout (one in EC, containing EC3-8; and one in the Haem/BP region, containing Haem3-4, BP3-4, My, and Mk) were further sub-clustered using the same pipeline but different k values: k = 30 for the EC cluster and k = 15 for the Haem/BP cluster.
Pairwise comparisons were performed using edgeR 53 . Dispersions were estimated using 'estimateCommonDisp' and 'estimateTagwiseDisp' tests, with 'exactTest' function and Benjamini Hochberg-corrected P values. All functions were used with default parameters. Blood development analysis: mapping of Smart-seq2 data to the reference atlas.
, where x is the Spearman correlation coefficient, was computed between each cell in the Smart-seq2 dataset and each cell in the endothelium cluster from the 10x atlas using the HVGs computed for the EC clusters of Fig. 3 . The labels of the atlas endothelial cells were defined as the most frequent dissection location within the five nearest neighbours. If cells had an equal number of neighbours from two locations, they remained unassigned. Blood development analysis: mapping of published embryonic blood dataset.
To support the annotation of the myeloid cluster, atlas cells from Fig. 3a were mapped to a published dataset 54 containing haematopoietic cells collected between E9.5 and E11.5 (Extended Data Fig. 6g ). The mapping was performed as for the Smart-seq2 dataset, using the HVGs computed for the published dataset. The data were processed as follows. The counts matrix with transcript counts per million (TPM) was downloaded from the GEO (accession GSE87038). Counts were log transformed as log 2 (n/10 + 1), where n is the TPM value, and HVGs were calculated as in previous work 55 . Since cluster identities were not provided, the data were re-clustered using Louvain clustering on a k-nearest-neighbour graph with k = 10, considering only the HVGs. Clusters were subsequently merged to approximate the clusters and expression patterns of marker genes shown in figure 8 of the published study 54 .
Tal1
−/− chimaera analysis: mapping to the atlas. To avoid mapping biases that derive from unequal numbers of atlas cells at each collection time point, each stage of the atlas was sub-sampled at random such that 10,000 cell libraries (that is, including doublets and stripped nuclei) were present at each time point. Cells from the mixed time point were excluded. Atlas stages E6.5 and E6.75 contained fewer cells (3,697 and 2,169, respectively) and were not downsampled; however, this cell number bias is likely to be unimportant as we would not expect cells from E8.5 chimaeras to map to these time points. We first constructed a 50-dimensional principal component space from the combined normalized log-counts of subsampled atlas cells (including doublets and stripped nuclei) and the cells from the samples that were to be mapped to the atlas. Batch correction was then performed on the atlas cells in the principal component space, as described above ('Batch correction'), to construct a single reference manifold for mapping. Samples to be mapped were then independently merged with the newly corrected atlas data (scran function 'fastMNN'), and the 10 nearest cells (Euclidean distance) in the atlas to each chimeric cell were recorded. Mapped time point and cell type of a given chimeric cell were defined as the mode of those of its nearest neighbours. Ties were broken by choosing the stage or cell type of the cell that had the lowest distance to the chimeric cell. Cells that mapped to doublet-labelled or stripped nucleus-labelled cells were excluded from downstream analyses. The robustness of this mapping was assessed by mapping one entire biological replicate of E8.0 cells onto the atlas, having removed the cells from the reference. 89.4% of these cells correctly mapped to their annotated cell type (Extended Data Fig. 7c) , and 29.2% to the correct time point (Extended Data Fig. 7d ; 83.1% of cells mapped to within one time point in either direction).
−/− chimaera analysis: visualization. UMAP visualization of the data was performed as described above, using 50 batch-corrected principal components. Batches of cells of the same genotype were merged first, followed by merging across genotypes. To show the cell mapping with respect to atlas landscapes (for example, Fig. 4b ), we coloured cells in the visualization by the closest atlas cell for each chimaera cell after mapping.
−/− chimaera analysis: remapping of cells to the haemato-endothelial landscape. To ensure that we used the full resolution of our atlas, a subset of chimaera cells was mapped to the complete (that is, not subsampled) atlas dataset for the relevant cell types. The mapping procedure was repeated as described above, but for atlas and chimaera cells from the erythroid, haemato-endothelial, blood progenitor, endothelial, and mixed mesoderm cell types. No downsampling was performed.
Relative contributions to atlas clusters from injected and host cells in the Tal1
−/− chimaera. To compare the frequency of cells that contributed from each of the host and injected populations to atlas clusters, we first corrected for compositional differences between the populations. ExE endoderm, visceral endoderm, ExE ectoderm, parietal endoderm, blood progenitors 1-3, and erythroid 1-3 clusters were excluded from this analysis, as the injected (Tal1 −/− ) cells cannot contribute to these lineages. The frequency of cells from each sub-cluster and the fold change (log 2 (fraction of injected cells mapped/fraction of host cells mapped) were then calculated (Fig. 4e) . Owing to the absence of cells in the Tal1 −/− samples, blood progenitor, and erythroid sub-clusters were not considered. Differential expression analyses were performed as in the 'Blood development analysis' sections. Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper.
Data availability
Extended Data Fig. 6 | Blood development. a, Diagram illustrating the two waves of embryonic blood development. At E6.5, gastrulation begins. Previous work using transplantation assays has shown that the proximoposterior epiblast cells closest to the primitive streak at this stage (red) mainly give rise to primitive erythroid cells in the yolk sac, whereas the epiblast cells located in the middle of the embryo at E6.5 but closer to the primitive streak at a later stage are enriched for endothelial progenitors 56 . At E7.5, blood islands are apparent (zoomed box of primitive blood wave), where primitive erythroid cells are surrounded by endothelium. At around E8.25, some endothelial cells (haemogenic endothelium) undergo an endothelial-to-haematopoietic transition and become EMPs, which migrate to the fetal liver and give rise to definitive erythrocytes. Adapted from a previous study 38 . b, Force directed layout of Fig. 3a coloured by original clusters from Fig. 1c . c, Gene expression levels of Cdh5 and Pecam1, overlaid on the graph abstraction visualization from Fig. 3b. 
d, Experimental design to isolate FLK1
+ cells from yolk sac, allantois, and embryo proper for Smart-seq2 scRNA-seq. e, Representative image of an embryo collected for the transcriptional analysis of endothelial cells from the yolk sac, allantois, and embryo proper. f, Sorting strategy of FLK1 + cells from the yolk sac, embryo proper, and allantois on live cells (DAPI). x axis: FLK1 intensity. y axis: DAPI intensity. g, Evidence to support myeloid annotation of the myeloid cell cluster in Fig. 3 . Haematoendothelial cells from Fig. 3a were mapped to a published dataset 54 that profiled haematopoietic cells collected at E9.5, E10.5, and E11.5 from different organs. Bar charts show the fraction of atlas cells in the myeloid cell cluster mapped to the clusters defined in figure 8 of the previous study 54 . h, Representative images of the dissected regions collected to study the location of CSF1R + CD16/32 + cells. Scale bars, 0.25 mm. i, Flow cytometry plots indicating the frequency of CSF1R + CD16/32 + cells in each embryonic region. Two biological replicates were performed for this experiment: with pools of 12 and 13 embryos, respectively. Plots illustrate one biological replicate. Fig. 8 | Transcriptional effects of disruption caused by Tal1. a, Heat map illustrating the row-normalized expression of genes that were upregulated in EC3-mapped Tal1 −/− cells when compared with their closest neighbours in the atlas (labelled 'EC3') and EC3-mapped wild-type chimaera cells (labelled 'WT'). Genes Gm45123 and Fam212a are also known as 5430431A17Rik and Inka1, respectively. b, UMAP plots as in Fig. 1c , showing the expression of Tdo2, Plagl1, and Pcolce. 
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Software and code
Policy information about availability of computer code Data collection Cells were sequenced using HiSeq2500 and corresponding Illumina commercial software. FACS and flow cytometry data were collected using the BD FACSDIVA software.
Data analysis
Cell Ranger v2.1.1, GSNAP, HTSeq, Gephi v0.9.2. R packages: DropletUtils, emptyDrops, Matrix, scater, scran, igraph, Rtsne, irlba, edgeR,dynamicTreeCut, destiny, org.Mm.eg.db (v 3.4.1), GO.db (v 3.4.1), topGO (v 2.28.0) and GOstats (v2.42.0) . Python modules: scanpy, scipy.cluster.hierarchy For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information. 
Wild animals
The study did not involve wild animals.
Field-collected samples
The study did not involve samples collected from the field.
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Methodology Sample preparation
Yolk sac, allantois and embryo proper were dissected and placed into separate tubes. Single-cell suspensions were prepared by incubating the embryos with TrypLE Express dissociation reagent (Life Technologies) at 37 °C for 7 min and quenching with heat inactivated serum. Single cells were subsequently stained with Flk1-PE antibody (1:100; Biolegend) and DAPI as viability stain (1μg/ml; Sigma). Live Flk1+ cells were isolated by fluorescence-activated cell sorting (FACS) using a BD Influx sorter Chimeric embryos were harvested at E8.5 of development, dissected, and single-cell suspensions were generated as described above . Single-cell suspensions were sorted into tdTomato+ and tdTomato-samples using a BD Influx sorter with DAPI at 1μg/ml (Sigma) as a viability stain. 
Gating strategy
The first gate on FSC/SSC was used to exclude debris. Doublets were removed using the "Trigger Pulse Width". Positive and
